Background Sarcopenia frequently occurs in metastatic cancer patients. Emerging evidence has revealed that various secretory products from metastatic tumours can influence host organs and promote sarcopenia in patients with malignancies. Furthermore, the biological functions of microRNAs in cell-to-cell communication by incorporating into neighbouring or distal cells, which have been gradually elucidated in various diseases, including sarcopenia, have been elucidated. Methods We evaluated psoas muscle mass index (PMI) and intramuscular adipose tissue content (IMAC) using pre-operative computed tomography imaging in 183 colorectal cancer (CRC) patients. miR-203 expression levels in CRC tissues and preoperative serum were evaluated using quantitative polymerase chain reaction. Functional analysis of miR-203 overexpression was investigated in human skeletal muscle cells (SkMCs), and cells were analysed for proliferation and apoptosis. Expressions of several putative miR-203 target genes (CASP3, CASP10, BIRC5, BMI1, BIRC2, and BIRC3) in SKMCs were validated. Results A total of 183 patients (108 men and 75 women) were included. The median age of enrolled patients at diagnosis was 68.0 years (range 35-89 years). High IMAC status significantly correlated with female gender (P = 0.004) and older age (P = 0.0003); however, no other clinicopathological factors correlated with IMAC status in CRC patients. In contrast, decreased PMI significantly correlated with female gender (P = 0.006) and all well-established disease development factors, including advanced T stage (P = 0.035), presence of venous invasion (P = 0.034), lymphovascular invasion (P = 0.012), lymph node (P = 0.001), distant metastasis (P = 0.002), and advanced Union for International Cancer Control tumour-node-metastasis stage classification (P = 0.0004). Although both high IMAC status and low PMI status significantly correlated with poor overall survival (IMAC: P = 0.0002; PMI: P < 0.0001; log-rank test) and disease-free survival (IMAC: P = 0.0003; PMI: P = 0.0002; log-rank test), multivariate Cox's regression analysis revealed that low PMI was an independent prognostic factor for both overall survival (hazard ratio: 4.69, 95% confidence interval (CI): 2.19-10, P = 0.0001) and disease-free survival (hazard ratio: 2.33, 95% CI: 1.14-4.77, P = 0.021) in CRC patients. Serum miR-203 expression negatively correlated with pre-operative PMI level (P = 0.0001, ρ = À0.25), and multivariate logistic regression analysis revealed that elevated serum miR-203 was an independent risk factor for myopenia (low PMI) in CRC patients (odds ratio: 5.16, 95% CI: 1.8-14.8, P = 0.002). Overexpression of miR-203 inhibited cell proliferation and induced apoptosis via down-regulation of BIRC5 (survivin) expression in human SkMC line. Conclusions Assessment of serum miR-203 expression could be used for risk assessment of myopenia, and miR-203 might be a novel therapeutic target for inhibition of myopenia in CRC.
Introduction
Cancer cachexia is defined as a 'multi-factorial, systemic syndrome characterized by weight loss due to loss of skeletal muscle mass (sarcopenia)'.
1 Several lines of evidence have suggested that alteration of muscle cell homeostasis via deterioration and decreased synthesis of muscle proteins can promote muscle cell loss in patients with malignancies.
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Furthermore, a pattern of sarcopenia (myopenia and myosteatosis) and this clinical burden as a feasible indicator of poor prognosis in cancer patients is gradually elucidated.
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Metastasis is the systemic dissemination of cancer cells from the primary tumour site, 9 and sarcopenia is commonly observed in advanced cancer patients with distant metastases. 10, 11 A close link between metastasis and sarcopenia has been demonstrated in various types of cancers, including colorectal cancer (CRC). 10, 12, 13 Furthermore, recent studies have revealed that various secretory products, including soluble proteins, metabolites, and exosomes, from metastatic tumours can influence host organs and promote sarcopenia in patients with malignancies. 10, 14, 15 However, the detailed mechanism underlying the development of sarcopenia in metastatic cancer patients remains unclear. MicroRNAs (miRNAs) are a class of small single-stranded RNAs approximately 18-25 nucleotides in length that are involved in various essential biological processes, such as development, cellular differentiation, proliferation, and apoptosis. [16] [17] [18] Exosome-encapsulated miRNAs are secreted from various tissues and can stably exist in systemic circulation. Recent studies have revealed the capability of these miRNAs to exert biological functions by incorporating into neighbouring or distal cells.
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A recent study from our research group demonstrated that miR-203 (official name: miR-203a-3p, gene ID: 406986) is one of the most representative secretory miRNAs in CRC patients and that circulating miR-203 originated from metastatic tissues, not primary cancerous tissues. 21 Furthermore, other studies demonstrated that transient expression of miR-203 inhibits cell differentiation in various types of cells, including skin cells and skeletal muscle cells (SkMCs).
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In this study, we systemically assessed the clinical significance of pre-operative myopenia and myosteatosis in CRC patients. We further evaluated the expression of the metastasis-related miR-203 in primary tissues and matched serum specimens from these patients to evaluate the correlation between miR-203 expression and body composition (BC) alteration in CRC patients. We also performed a series of in vitro analyses using a human SkMC line to clarify the biological role of miR-203 in the development of sarcopenia in advanced cancer patients with metastasis.
Material and methods

Patients
A total of 183 patients undergoing surgery for resection of primary CRC tumours at Mie University Hospital were enrolled in this study. None of the patients received chemotherapy or radiotherapy prior to surgery, and no peri-operative mortality was observed. The median age of the patients at diagnosis was 68.0 years (range 35-89 years). The diagnosis of CRC was confirmed in all 183 patients based on clinicopathological findings. The tumour-node-metastasis staging system from the American Joint Committee on Cancer was used for the pathological tumour staging of CRC. 24 The locations of tumours and distant metastases were determined by barium enema, colonoscopy, computed tomography (CT), and magnetic resonance imaging. Resection of the primary tumour was performed in all patients, and all patients were followed up for tumour recurrence at regular intervals for up to 5 years. During each annual hospital visit, all patients underwent a chest X-ray, colonoscopy, and abdominal CT. Patients treated with radiotherapy or chemotherapy before surgery were excluded from this study. All patients were classified according to Union for International Cancer Control stage classification of resected specimens: 37 patients had Stage I disease, 61 had Stage II, 44 had Stage III, and 41 had Stage IV. All CRC patients with Stage III/IV disease received 5-fluorouracil-based chemotherapy, whereas no adjuvant chemotherapy was given to Stage I and II patients. Patients were observed at 3 month intervals for 24 months after completion of surgery, followed by every 6 months for 3 years and then yearly. A history was taken, and a physical examination was performed at each visit, and chest X-ray, colonoscopy, and CT were performed annually. All participants provided informed written consent, and the study protocol was approved by the Institutional Review Board of our institution.
Image analysis
The height data of all patients were recorded, and preoperative CT scan was assessed within 4 weeks before surgery. Pre-operative CT scan images were stored in an electronic format suitable for image analysis to assess the BC status. Using pre-operative plain CT at superior aspect of the fourth lumbar vertebra as previously described, 13, 25, 26 we measured the cross-sectional area of the bilateral psoas muscles by manual tracing, and then the psoas muscle mass index (PMI) was calculated as follows: PMI = cross-sectional area of bilateral psoas muscle height 2 (cm 2 /m 2 ). Low PMI was regarded as a proxy for low muscle volume, as previously described. [6] [7] [8] Subfascial muscular tissue in the multifidus muscle was estimated by manual tracing at the same level 
Sample collection
We obtained surgical tissue specimens and matched preoperative serum specimens from CRC patients in this study. All of these patients were previously described as a validation cohort in a biomarker study of serum miR-203. 21 Blood samples were obtained by venipuncture before surgery. Each sample was centrifuged at 3000 × g for 5 min and stored at À80°C until analysis.
RNA isolation and quantitative reverse transcription polymerase chain reaction from serum samples RNA extraction and miRNA enrichment from all serum samples were performed using the Qiagen miRNeasy Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Briefly, 200 μL of serum was thawed on ice and centrifuged at 3000 × g for 5 min to remove cell debris. Next, 200 μL of the supernatant was lysed in 5 volumes of Qiazol solution. To normalize any inadvertent sample-to-sample variations during the RNA isolation procedure, reverse transcription (RT), and PCR, 25 fmol of synthetic Caenorhabditis elegans miRNA (cel-miR-39) was added to each denatured sample. Small RNAs were then enriched and purified following the manufacturer's protocol, with the exception that the enriched small RNAs were eluted in 40 μL of nuclease-free water. For miRNA-based RT-PCR assays, 1.67 μL of enriched small RNAs from serum or cell culture medium were reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) in a total volume of 5 μL, according to the manufacturer's instructions. A 1:15 dilution of the RT products was used as template for the PCR. PCRs for quantifying miR-203 and cel-miR-39 were performed in duplicate, with TaqMan 2× Universal PCR Master Mix, using conditions previously described.
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RNA isolation and quantitative reverse transcription polymerase chain reaction from formalin-fixed, paraffin-embedded tissues 
Calculation of microRNA expression
Expression levels of miRNAs were normalized using cel-miR-39 (for serum samples) and miR-16 (for tissue samples) using the 2 -ΔCt method, as previously described. 
Cell line
The human SkMC line was purchased from Promo Cell (Heidelberg, Germany) and maintained in Skeletal Muscle Cell Growth Medium (Promo Cell) at 37°C in 5% humidified CO 2 atmosphere.
Transfection of miR-203 mimic molecules
To induce miR-203 expression, cells were transfected with mirVana hsa-miR-203-3p mimic (miR-203 mimic, Applied Biosystems) using Lipofectamine 2000 (Invitrogen). A mirVana miRNA mimic negative control (Applied Biosystems) containing a random sequence with no identifiable effects on functions of known miRNAs was used as a negative control. The final oligonucleotide concentration was 50 nM. Cells were transfected for 48 h before analysis.
Cell proliferation assay
Cell proliferation was evaluated with a WST-8 colorimetric assay kit (Cell Counting Kit-8, Dojindo Laboratories, Tokyo, Japan). Forty-eight hours after transfection of SkMCs with miR-203 mimic or negative control mimic, cells were seeded at 5 × 10 3 cells per well in 96-well flat-bottomed microtitre plates in a final volume of 100 μL culture medium per well and incubated in a humidified atmosphere. After 0-7 days of culture, 10 μL Cell Counting Kit-8 reagent was added to each well, and the plates were incubated for 1 h in a humidified atmosphere. The absorbance of each well was measured at a wavelength of 450 nm using SoftMax Pro (Molecular Devices Corp., Sunnyvale, CA, USA). Each independent experiment was performed three times.
Cell cycle analysis and apoptosis assay
For cell cycle analysis, the DNA content of miR-203 mimictransfected or negative control mimic-transfected SkMCs was evaluated using the MuseTM cell cycle assay kit (Millipore, Billerica, MA, USA), according to the manufacturer's instructions, on the Muse Cell Analyzer (Millipore). Each independent experiment was performed three times. The rate of apoptosis was measured in transfected cells using the annexin V and Dead Cell Assay Kit (Millipore) and the WST-8 colorimetric assay (Cell Counting Kit-8, Dojindo Laboratories) following the manufacturers' instructions.
Total RNA extraction, complementary DNA synthesis, and quantitative reverse transcription polymerase chain reaction Table S1 .
Immunofluorescence
Primary antibody for BIRC5 (1:50, Santa Cruz, Dallas, TX, USA) was incubated overnight at 4°C. After washing the sections five times for 5 min, Alexa Fluor 546 goat anti-mouse IgG (1:100, Invitrogen, Renfrew, UK) was used as the secondary antibody, and was incubated for 1 h at room temperature. Nuclear staining was performed with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (ProLong Gold Antifade Reagent with DAPI; Invitrogen). Confocal images were acquired by IX71 inverted microscopy with a DP70 digital camera system (Olympus, Center Valley, PA, USA), as previously described.
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Statistical methods
Statistical analysis was performed using MEDCALC version 16.8.4 (MedCalc Software, Ostend, Belgium). Results are expressed as medians ± interquartile ranges. Differences between groups were estimated by the χ 2 test, one-way analysis of variance, and Mann-Whitney U test when appropriate. Shapiro-Wilk tests were performed to evaluate the normality of distribution, and Levene's tests were conducted to assess the equality of variance for comparable groups. Correlations between BC status and tissue or serum miR-203 expression were assessed using Spearman's rank correlation test. For time-to-event analyses, survival estimates were calculated using Kaplan-Meier analysis, and groups were compared with the log-rank test. Receiver operating characteristic (ROC) curves with Youden's index were established to determine the cut-off values for analysing prognosis in each gender. Overall survival (OS) was measured from the date the patient underwent surgery until the date of death resulting from any cause (i.e. cancer-unrelated deaths were not censored) or last known follow-up for patients that were still alive. Diseasefree survival (DFS) analysis was measured from the date the patient underwent curative surgery to the date of disease recurrence, death from any cause (i.e. cancer-unrelated deaths were not censored), or until last contact with the patient. Cox's proportional hazard models were used to estimate hazard ratios (HRs) for death and recurrence. Assumptions of proportionality were confirmed for the Cox proportional hazards analyses by generating Kaplan-Meier survival curves (e.g. high vs. low PMI groups) and by ensuring that the two curves did not intersect each other. Multivariate logistic regression models were used to predict factors influencing myopenia (low PMI). Variables with P < 0.05 in the univariate analysis were included in the multivariate analysis. Clinical variables that were considered for univariate and multivariate analyses, in addition to target BC status, were previously identified confounding factors that affected the prognosis of patients with CRC: sex, age at diagnosis, pathological differentiation (differentiated or undifferentiated), T stage (T1/2 or T3/4), venous invasion (present or absent), lymphatic vessel invasion (present or absent), lymph node metastasis (present or absent), and distant metastasis (present or absent). Furthermore, we included representative nutrition markers, including haemoglobin (high or low), number of lymphocytes (high or low), and albumin (high or low) in multivariate logistic regression analysis to identify independent risk factor for myopenia in CRC patients. Cut-off thresholds for each covariate were determined by ROC analysis with Youden's index for myopenia in each gender of CRC patients. All P values were two sided, and those less than 0.05 were considered statistically significant.
Results
Differences of body composition status according to sex
Based on previous findings about the gender-related differences of BC status in CRC patients, we first assessed the relationships between sex and pre-operative BC status in CRC patients (Table S2) . [6] [7] [8] 13 In consistent with the previous reports, both PMI and IMAC showed significant differences between male and female CRC patients (PMI: 291.3 ± 130.6 and 215.9 ± 70.7, respectively, P < 0.00001; IMAC: À0.35 ± 0.2 and À0.24± 0.22, respectively, P = 0.00002). We thus set the cut-off values for PMI and IMAC using sex-specific cutoff values established by ROC curve analysis with Youden's index for survival in this cohort (male, PMI: 240.8, IMAC: À0.26; female, PMI: 215.9, IMAC: À0.21).
Low pre-operative psoas muscle mass index is significantly correlated with clinicopathological factors associated with disease progression in colorectal cancer patients
We next evaluated the association between pre-operative BC status and clinicopathological factors in CRC patients ( Table 1) . High IMAC status significantly correlated with older age and female gender; however, no other oncological clinicopathological factors were correlated with IMAC status in CRC patients. In contrast, low PMI status significantly correlated with all well-established disease development factors, including advanced T classification (P = 0.035), presence of vessel (P = 0.034), lymphovascular invasion (P = 0.012), lymph node (P = 0.001), distant metastasis (P = 0.002), and advanced Union for International Cancer Control tumour-node-metastasis stage classification (P = 0.0004) in CRC patients.
Decreased psoas muscle mass index in pre-operative status is an independent prognostic factor for both overall survival and disease-free survival in colorectal cancer patients
We next conducted time-to-event analysis to clarify the prognostic impact of pre-operative PMI and IMAC status in CRC patients. We generated Kaplan-Meier survival curves according to PMI and IMAC status. Interestingly, both high IMAC and low PMI status significantly correlated with poor prognosis for OS and DFS in CRC patients (IMAC: P = 0.0002 and P = 0.0003, respectively, Figure 1A and 1B; PMI: P < 0.0001 and P = 0.0002, respectively, Figure 1C and 1D; log-rank test). Furthermore, the prognostic impacts of pre-operative PMI and IMAC were consistent in both male gender and female gender in this cohort ( Figure S1A-S1H) .
To determine the potential of pre-operative BC status as a predictive biomarker of recurrence and prognosis in CRC patients, we next performed multivariate Cox's regression analysis. In addition to lymph node metastasis and distant metastasis, low pre-operative PMI was also an independent prognostic factor for OS in CRC patients (HR: 4.69, 95% confidence interval (CI): 2.19-10, P = 0.0001, Table 2A ). Furthermore, in addition to lymph node metastasis, low pre-operative PMI was also an independent prognostic factor for poor DFS in these patients (HR: 2.33, 95% CI: 1.14-4.77, P = 0.021, Table 2B ).
Dysregulated miR-203 expression in tissue and serum of colorectal cancer patients
We recently revealed that circulating miR-203 originated from metastatic tissues, not primary cancerous tissues.
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Combined these evidences with functional role of miR-203 in cell differentiation of SkMCs, 22, 23 we thus next evaluated tissue and matched pre-operative serum miR-203 expression to clarify the association between miR-203 expression levels and pre-operative BC status in CRC patients. Pre-operative IMAC status was not associated with tissue or serum miR-203 expression in CRC patients ( Figure 1E ). In contrast, the association between PMI status and miR-203 expression demonstrated engaging findings. miR-203 expression in primary cancerous tissues was significantly decreased in low PMI patients compared with those in high PMI patients (P = 0.03, Figure 1F ). On the other hand, pre-operative serum miR-203 expression showed an opposite trend and was significantly increased in low PMI patients compared with high PMI patients (P = 0.014, Figure 1F) . Furthermore, to elucidate the direct correlation in each of these levels, we used Spearman's rank correlation test and found that IMAC levels were not correlated with tissue or serum miR-203 expression in CRC patients ( Figure 1G) . Surprisingly, despite the lack of significant correlation between PMI status and miR-203 expression in cancer tissues, serum miR-203 expression was negatively correlated with pre-operative PMI in CRC patients (P = 0.001, ρ = À0.25, Figure 1H ).
Elevated miR-203 level in pre-operative serum was an independent risk factor for myopenia in colorectal cancer patients
During the last decade, various blood-based markers, such as haemoglobin, lymphocytes, and albumin, have been shown as potential analytes for the assessment of nutrition status and myopenia in patients with various malignancies. 38, 39 In line with previously published evidence, our cohort also demonstrated that both pre-operative haemoglobin and albumin levels were significantly decreased in CRC patients with low vs. high PMI ( Figure S2A-S2C) . To determine the potential of serum miR-203 as a predictive biomarker for myopenia, we next performed multivariate logistic analysis including these representative blood-based markers in CRC patients. Notably, in addition to decreased haemoglobin and albumin, elevated serum miR-203 levels emerged as one of the independent predictive factors for myopenia (odds ratio: 5.16, 95% CI: 1.8-14.8, P = 0.002, Table 3 ) in these patients. Collectively, these results suggest that serum miR-203 expression may serve as a clinically feasible biomarker for predicting cancer myopenia in CRC patients. Therefore, we decided to perform further assessment of the potential biological function of miR-203 in myopenia.
Overexpression of miR-203 inhibits cell proliferation and promotes apoptosis in human skeletal muscle cells
As described earlier, we found that elevated expression of circulating miR-203 was negatively correlated with decreased The median age at surgery in this cohort was 68 years. *P < 0.05. Bold font means significant p-value in these tables.
Circulating miR-203 promotes myopenia . Statistically significant differences were determined using the Spearman's rank correlation test, and all statistical tests were two sided.
skeletal muscles mass (decreased PMI) in CRC patients. We thus next examined the potential functional role of miR-203 in myopenia in CRC patients. To investigate the function of miR-203 in human SkMCs, we transfected miR-203 mimic and miRNA negative control mimic into SkMCs and confirmed increased miR-203 levels in the miR-203 mimic-transfected cells ( Figure 2A ). We first evaluated the impact of miR-203 expression on cell proliferation using MTT assays in transfected cells. Proliferation of SkMCs was moderately suppressed 7 days after miR-203 mimic transfection compared with negative control-transfected cells ( Figure 2B ). Further, cell cycle analysis revealed that the G 0 /G 1 -phase fraction was slightly increased after miR-203 overexpression ( Figure 2C ). We next examined whether miR-203 overexpression affects apoptosis in human SkMCs. Because of the highlight of this miR-203 function in SkMCs, we examined cell apoptosis using two methods. Flow cytometry after annexin V and 7-aminoactinomycin D staining demonstrated that SkMCs transfected with miR-203 mimic showed a significantly increased apoptosis rate compared with negative control-transfected cells (P < 0.001, Figure 2D ). Furthermore, we also used MTT assay to evaluate the number of viable SkMCs and found a significant decrease of viable cells in SkMCs transfected with miR-203 compared with negative control-transfected cells (P < 0.001, Figure 2E ).
Identification of BIRC5 as target of miR-203 in skeletal muscle cells
To elucidate the molecular mechanisms underlying the cellular effects of miR-203 in SkMCs, especially apoptosis, we searched for potential gene targets of miR-203. Candidate targets were first determined using target prediction engines, including miRMap, Microt4, TargetScan, and RNAhybrid, and the overlapping candidate genes from these four prediction Cut-off thresholds of PMI/IMAC were determined by receiver operating characteristic analysis with Youden's index for overall survival in colorectal cancer patients. *P < 0.05. Bold font means significant p-value in these tables. The median age at surgery in this cohort was 68 years. Cut-off thresholds of PMI/IMAC were determined by receiver operating characteristic analysis with Youden's index for disease-free survival in colorectal cancer patients. *P < 0.05. Bold font means significant p-value in these tables.
Circulating miR-203 promotes myopenia engines were selected for analyses. Based on our in vitro experiments indicating a role for miR-203 in apoptosis, we focused the apoptosis pathway-associated genes among the overlapping gene pool, especially CASP3, CASP10, BIRC5 (survivin), BMI1, BIRC2, and BIRC3 ( Figure 2F) . We examined the expression profiles of these six genes in SkMCs transfected with miR-203 mimic transfection or negative control. Among all six examined genes, only BIRC5 expression was drastically decreased in miR-203 mimic-transfected cells compared with negative control cells ( Figure 2G) . Furthermore, fluorescent immunocytochemistry clearly revealed that the protein expression of BIRC5 was also down-regulated in miR-203 mimic-transfected cells ( Figure 2H ). This result is consistent with a recent study that revealed the regulatory interaction between miR-203 and the 3 0 untranslated region of BIRC5 mRNA in HEK293T cells using luciferase assays.
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BIRC5 (survivin) is a member of the apoptosis inhibitor protein family and could suppress apoptosis via inhibition of the initiator caspase 9 and executioner caspase 3 and 7.
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In addition, survivin has the potential role as a regulator of cell division especially in G 1 /S arrest of the cell cycle. 42 Taken together, these results successfully validated the clinical finding of a negative correlation between circulating miR-203 expression and pre-operative PMI levels. Our data suggest that elevated expression of circulating miR-203 from metastatic tissues might be involved in myopenia by inducing apoptosis of SkMCs via inhibition of survivin in CRC patients.
Discussion
Sarcopenia is a progressive decline of skeletal muscle mass, quality, and strength in response to various factors, including ageing, lifestyle habits, inactivity, and chronic disease.
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Although accumulating evidence has demonstrated high prevalence of sarcopenia in cancer patients with metastasis, 10,12,13 the detailed mechanism that drives sarcopenia is not fully understood. We investigated whether alteration of BC could correlate with the circulating metastasis-related miRNA miR-203 in CRC patients, and our study presents several novel findings. First, we systematically investigated preoperative BC status in CRC patients and demonstrated that both decreased PMI and increased IMAC were significantly correlated with poor prognosis of OS and DFS in CRC patients. In particular, decreased PMI was significantly correlated with all well-established clinicopathological factors for CRC development and was an independent prognostic marker for OS and DFS in CRC patients. Second, miR-203 expressions in primary CRC tissue and matched serum specimens were evaluated, and we found that serum miR-203 expression, but not tissue miR-203 expression, was negatively correlated with pre-operative PMI in CRC patients. Furthermore, multivariate logistic regression analysis revealed that elevated serum miR-203 was an independent risk factor for low PMI (myopenia) in CRC patients. These findings combined with previous evidence from our group 21 suggest that skeletal muscle might be decreased in metastatic CRC patients by circulating miR-203 released from metastatic tissues. We performed a series of in vitro analyses and confirmed that miR-203 overexpression significantly promoted apoptosis in human SkMCs, possibly through its down-regulation of survivin. A high prevalence of sarcopenia in metastatic cancer patients is well documented. 13, 26 Although several factors, such as anorexia due to organ dysfunction by distant metastasis, adverse effect of systemic chemotherapy, deterioration of physical activity, and psychological factors for disease development, can induce sarcopenia in patients, emerging evidence has suggested that sarcopenia may develop because of secretory products from metastatic tissues in various Cut-off thresholds of each covariate were determined by receiver operating characteristic analysis with Youden's index for myopenia in each gender of CRC patients. *P < 0.05. Bold font means significant p-value in these tables. malignancies. 10, 44 Waning and co-workers established seven different mouse models of human osteolytic bone metastases and reported impaired muscle dysfunction in these mice. The authors performed unbiased mass spectrometry-based screening to assess the post-transcriptional modification of proteins in whole skeletal muscle lysates from mice with or without bone metastasis and found that transforming growth factor (TGF)-β, released from the bone surface during metastasis-induced bone destruction, could induce oxidization of skeletal muscle proteins, impair intracellular signalling in SkMCs, and decrease muscle contraction. 10 In line with this evidence, a recent study revealed metal-ion transporter XRT-like and IRT-like protein 14 (ZIP14) as a critical mediator of metastatic cancer-induced cachexia. 44 The authors performed allografts using a metastatic subline of mouse breast and colon cancer cell lines, and sequencingbased comprehensive analysis using cachexic tibialis anterior muscles showed that ZIP14 was significantly up-regulated in the cachexic muscles from metastatic models. ZIP14 expression was induced in SkMCs by TGF-α and TGF-β cytokines, and ZIP14-mediated zinc uptake resulted in blocking muscle cell differentiation and myosin heavy chain loss. 44 Collectively, these results suggested that metastasis-induced sarcopenia may develop from the interaction between the systemic circulation and the local micro-environment of skeletal muscle in patients with malignancies.
In contrast, as a role for miRNAs in myogenesis has been established, 45 the pivotal function of miRNAs in sarcopenia development is also being elucidated. Connolly and colleagues conducted screening of miRNA expression using quadriceps specimens from chronic obstructive lung disease patients with or without muscle wasting and revealed that elevated miR-542-3p/5p induces muscle atrophy through the promotion of mitochondrial dysfunction and activation of SMAD2/3 phosphorylation. 46 This research group then recently showed that increased expression of miR-424-5p in quadriceps is also significantly correlated with sarcopenia via regulation of ribosomal RNA synthesis. 47 Furthermore, in researching the function of circulating miRNAs in the pathogenesis of cancer sarcopenia, He and colleagues demonstrated that elevated expression of miR-21 in tumoursecreted macrovesicles promotes myoblast apoptosis in cancer cachexia via a toll-like receptor 7-c-Jun N-terminal kinase-dependent pathway.
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Combined with these data, we hypothesized that circulating miRNAs released from metastatic tissues might have the potential to induce sarcopenia in advanced cancer patients with distant metastasis. In this study, we performed a direct comparison between pre-operative BC status and tissue or serum miR-203 expression in CRC patients and revealed an inverse correlation between PMI levels and serum miR-203 expression. Furthermore, elevated serum miR-203 levels were an independent risk factor for low PMI (myopenia) in CRC patients. We validated our clinical findings using a series of in vitro analyses and demonstrated that miR-203 can induce apoptosis via down-regulation of survivin in human SkMCs. These findings help further the current research field of pathogenesis in metastasis-related sarcopenia in malignancies.
Sarcopenia is generally defined as a syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength, and the European Working Group on Sarcopenia recommended that the definition of sarcopenia should include both low muscle mass and low muscular function. 49 Based on these recommendations, the pattern of sarcopenia is currently divided into 'myopenia' and 'myosteatosis'. Myopenia is characterized by decreased skeletal muscle mass irrespective of illness and ageing, and PMI is recognized as one of representative surrogate markers for assessment of skeletal muscle mass.
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In contrast, myosteatosis, which is usually assessed by IMAC, is characterized by an increased infiltration of intermuscular and intramuscular fat. 51 One of the novel findings in our study is the intimate correlation between disease development factors and myopenia despite the lack of those correlation with myosteatosis in CRC patients. Furthermore, our previous study clearly demonstrated that miR-203 could be secreted from various metastatic tissues including lymph node, peritoneal, and hepatic metastasis, in CRC patients. 21 In contrast, several studies indicated that intermuscular and intramuscular fatty accumulation arise through several different pathways, including insulin resistance, inflammation, adipogenesis, inhibition of histone deacetylases, and oestrogen deficiency, and suggested that these various conditions might induce myosteatosis. 52 Collectively, these evidences with our novel finding regarding the apoptotic role of over-expressed miR-203 in SkMCs could explain the reason why circulating miR-203 levels significantly correlated with myopenia, not myosteatosis in CRC patients. We acknowledge several potential limitations of the present study. First, we only focused on metastatic tissues secreting miR-203 in this study. Further studies including a broader, unbiased comprehensive analysis based on our concept could potentially lead to the identification of additional secretory miRNAs to promote myopenia and cachexia in patients with various malignancies. Furthermore, unfortunately, we could not assess the post-operative serum specimens from these patients and evaluate the potential of circulating miR-203 to monitor the status of myopenia in CRC patients. Therefore, further studies including long-term follow-up of BC, along with monitoring of serum miRNA, may be needed to confirm the clinical feasibility of serum miR-203 for real-time monitoring of myopenia during perioperative period. Together, our results suggest that quantification of serum miR-203 expression could be used as a risk assessment of myopenia in CRC patients and that miR-203 might be a novel therapeutic target for inhibition of myopenia in CRC. Table S1 . Primers used for quantitative real time PCR analysis. Table S2 . Correlation between body composition and sex in colorectal cancer patients Figure S1 . Prognostic impact of body composition status in CRC patients subdivided by sex. (a-d) High IMAC status was significantly correlated with poor OS (a: Male: P=0.001, c: Female: P=0.04) and DFS (b: Male: P=0.009, d: Female: P=0.015) both in male and female patients.(e-h) Decreased PMI significantly correlated with poor prognosis for OS (e: Male: P<0.0001, g: Female: P=0.0002) and DFS (f: Male: P=0.004, h: Female: P=0.026). All statistical tests were log-rank test and two-sided. Figure S2 . Correlation between PMI status and various representative nutrition markers in CRC patients. Although number of peripheral lymphocytes did not correlate with PMI status, preoperative hemoglobin and albumin levels were significantly decreased in CRC patients with low PMI (a: hemoglobin, b: albumin, c: lymphocytes). Statistically significant differences were determined using the Mann-Whitney U test.
